Introduction
============

The public health, tourism, fisheries, and ecosystem impacts from HABs have all increased over the past few decades because of the continuous increase in nutrients, especially nitrogen and phosphorus. HABs which generally indicate eutrophication in marine coastal waters occur worldwide not only in coastal marine ecosystems but also in open ocean ([@B2]; [@B3]). *Phaeocystis* (Prymnesiophyceae) is an important bloom-forming phytoplankton which is a globally distributed genus. *Phaeocystis* blooms can draw down atmospheric CO~2~ and produce dimethylsulphide ([@B11]; [@B7]; [@B18]), which have an impact on the chemical quality of the atmosphere and global climate regulation. HABs dominated by *Phaeocystis globosa* are recurrent events in marine ecosystems ([@B22]). *P. globosa* regularly dominates the phytoplankton community in the coastal waters, while its blooms may result in "stinking water" and the production of foam of mucilaginous material that deposit on beaches ([@B5]). This species has a heteromorphic life cycle, forming flagellated solitary cells as well as colonies.

Frequent HAB outbreaks in marine waters have led to heightened scientific and regulatory attention, and the development of many new technologies and approaches for research and management ([@B3]). The use of biological control agents including bacteria, actinomycetes, and viruses are among the most widely studied methods for groundwater and marine water treatment ([@B48]; [@B40]; [@B52]; [@B8]). Studies on the relationship between algae and bacteria have resulted in the isolation of actinomycetes capable of inhibiting or killing HAB species. The reported algicidal actinomycetes are mostly *Streptomyces* species ([@B9]). Actinomycetes can produce various bioactive substances and are considered as potential and effective biological agents to eliminate HAB species in eutrophication waters.

Studies imply that extracellular substances secreted by algicidal actinomycetes play an important role in algicidal activity and this is called allelopathy. It is now becoming important to understand how algae respond to these allelochemicals. The physiological and biochemical responses of microalgae to allelochemical stresses have been extensively studied. Aquatic organisms including algae could eliminate ROS according to antioxidative enzymes such as SOD, CAT, and peroxidases to avoid oxidative damage ([@B23]; [@B50]; [@B24]). FCM is a rapid method for the quantitative measurement of individual cells in a moving fluid. This technique can analyze multiparameters on a wide range of cellular properties by determining algal light-scatter signals and autofluorescence. FCM can also provide more information regarding the physiological condition of cells using biochemically specific fluorescent dyes ([@B13]; [@B26]). FCM offers the advantage of being able to measure the intracellular fluorescence of cells stained with propidium iodide (PI) which can be used to analyze algal cell membrane permeability.

The present work was undertaken to determine the effect of an algicidal actinomycetes *Streptomyces* sp. JS01 on the harmful alga *P. globosa.* In order to illustrate the algal lysis process of JS01, further studies were carried out: (1) to investigate algal cell membrane permeability by using FCM; (2) to explore the effect of JS01 on the PS II of algal cells; (3) to study the oxidative stress in algal cells induced by JS01; and (4) to observed algicidal process under transmission electron microscopy (TEM).

Materials and Methods {#s1}
=====================

Algicidal Components Preparation
--------------------------------

*Streptomyces* sp. JS01 which had been deposited in MCCC (Marin Culture Collection of China) with the accession number of MCCC 1F01225 was isolated from the coastal surface water of the Xiamen Sea. The 16S rRNA gene sequence had been deposited in NCBI database with GenBank accession number KM657967. Cells of JS01 were inoculated into Zobell 2216E broth (peptone 5 g/L, yeast extract 1 g/L, ferric phosphorous acid 0.1 g/L, dissolved in natural seawater, pH7.6--7.8) followed by incubation for 6 days at 28∘C. Then the cells were removed using centrifugation at 10,000 ×*g* for 10 min and the supernatant was filtered through a 0.22 μm Millipore membrane. The supernatant was then stored at --80∘C.

Algal Growth and JS01 Supernatant Treatment
-------------------------------------------

Cultures of experimental alga, *P. globosa*, were supplied by the State Key Laboratory of Marine Environmental Science (Xiamen University). The cultures were incubated in sterile f/2 medium (without silicate) prepared with natural seawater at 20 ± 1∘C under a 12 h: 12 h light-dark cycle with a light intensity of 50 μmol photons m^-2^s^-1^([@B44]). To analyze the pigments content of chlorophyll *a* (Chl *a*), 5 mL algal cultures were collected, and washed with PBS (50 mM, pH7.8); Then pigments were extracted using 90% ethanol in the dark overnight at 4∘C ([@B20]). After centrifugation at 12,000 × *g* for 5 min, we measured the supernatant absorbance values at wavelengths of 665, 645 nm. Algal growth rates was detected every day using Chl *a* content and calculated by the formula below.
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Where A~665~ and A~645~ represent absorbance values at wavelengths of 665, 645 nm, respectively.

JS01 supernatant (prepared as described above) were added into 100 mL axenic exponentially growing algal cultures at a ratio of 3.5% (v/v) in triplicate and the same volume of 2216E broth was also added into algal cultures serving as control.

Algicidal Effects of JS01 against *P. globosa*
----------------------------------------------

JS01 supernatant were added into 100 mL axenic exponentially growing algal cultures at a ratio of 1.5, 3.5, and 5.5% in triplicate in order to measure the algicidal rate based on the removal rate of Chl *a* using the formula below ([@B20]). Autoclaved Zobell 2216E broth served as the control.
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*C*~T~ represents the content of Chl *a* in the treatment group and and *C*~C~ the amount in the control group.

Fluorescent Staining and Flow Cytometer (FCM) Analysis
------------------------------------------------------

Algal cells were collected using centrifugation at 5,000 × *g* for 5 min after treatment with JS01 supernatant, washed with PBS (50 mM, pH 7.4) three times, and then resuspended in it. For assessment of the cell viability and permeabilization of *P. globosa*, fluorescent dye PI (provided by Invitrogen, USA) which is specific for the staining of cellular acids was used ([@B43]; [@B53]). Hundred microliter of PI (100 μg/mL, dissolved in PBS, pH 7.4) were dosed into 900 μL of algal cell suspension containing about 10^6^--10^7^ cells/mL and final concentration of PI was 10 μg/mL. To complete the staining, samples were incubated for 15 min in the dark at room temperature. FCM analysis was performed using a BD LSRFortessa cell analyzer (BD, USA), equipped with an arc lamp as light source. Samples were illuminated with an excitation beam at wavelength of 488 nm. For each cell, PI fluorescence was collected with a 560--590 nm filter (FL2). Four thresholds for data acquisition were set on PI fluorescence in order to eliminate background and signals from debris. For each sample about 10,000 cells were analyzed.

Determination of ROS Levels, Malondialdehyde Content, and Antioxidative Enzyme Assays
-------------------------------------------------------------------------------------

Intracellular ROS was detected using a fluorescent probe, 2′,7′- dichlorofluorescin diacetate (DCFH-DA), based on the reported method ([@B51]), but with some modifications. Algal cells were resuspended in 0.5 mL DCFH-DA (the final concentration in the mixture was 10 μM) and incubated at 37∘C in the dark for 1 h. After that, algal cells were washed three times with sterile f/2 medium immediately and finally resuspended with 1 mL sterile f/2 medium. The fluorescence intensity of algal cells was detected by a spectrofluorometer with excitation wavelength at 485 nm and emission wavelength at 525 nm.

After collection and washing with PBS, algal cells disruption was conducted using an Ultrasonic Cell Disruption System (NingBo Scientiz Biotechnological Co., Ltd, China; 120W, 5s : 5s, 80 times) below 4∘C. Debris was removed using centrifugation at 10,000 × *g* for 10 min at 4∘C. The supernatant was used to analyze the content of MDA (Malondialdehyde, byproduct of lipid peroxidation), and enzyme activities including SOD and CAT. All the analysis methods were carried out according to the kit's Operation Manual from Nanjing Jiancheng Bioengineering Institute, China ([@B25]).

Pigments and Chlorophyll Fluorescence Measurement
-------------------------------------------------

We collected about 5 × 10^6^ algal cells to detect the content of chl *a* and carotenoid after JS01 extract treatment. These methods have been described above. Carotenoid contents were calculated using the formulae:
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where, A~470~ represents absorbance values at wavelength of 470 nm; and C ~Chlorophyll~ *~a~* represents the content of Chl *a*.

Pulse amplitude modulation (PAM) fluorescence measurements were performed using a PAM-CONTROL Fluorometer (Walz, Effeltrich, Germany). Algal cells were firstly cultured in the dark for 15 min and then measured under an actinic light of 3000 μmol photons m^-2^s^-1^ ([@B12]). Maximum photochemical quantum yield of photosystem (Fv/Fm) is a biomass independent factor which can reflect the process of photosynthesis.

RNA Extraction and Quantitative Real-Time PCR Analysis
------------------------------------------------------

Fifty milliliter of 6, 12, and 24 h treated algal cells were collected and frozen at --80∘C until RNA extraction. Total RNA was extracted using the RNAiso kit (TaKaRa Company, Dalian, China) following the manufacturer's instructions. We used relative Real-time PCR to detect gene expression and the gene specific primers were forward primer 5′-AGTTGCTGGTTCTCTACTTTACG-3′ and reverse primer 5′-TTCCCAC TCACGACCGATG-3′ for the *psbA* gene; forward primer 5′- AAGTCTTACTGGGA AATGTGGG-3′ and reverse primer 5′-AGCAGGACGCTGAACGATG-3′ for the *rbcS* gene; and forward primer 5′-TCCGATAACGAACGAGAC-3′ and reverse primer 5′-TGACGCAAACTTCCACTT-3′ for the 18S rRNA gene. One step cycling was performed using amplification with an initial preheating step of 3min at 95∘C, 40 cycles at 95∘C for 10 s and 55∘C for 30 s. In order to normalize gene expression changes, 18S rRNA was used as a reference gene. The relative gene expression was quantified using the 2^-ΔΔCt^ method ([@B27]).

Sample Preparation and TEM Analysis
-----------------------------------

Algal cells were treated with JS01 supernatant for 12, 24, 36, 48, and 72h and after that they were fixed for TEM ([@B52]). Samples were viewed using a JEM2100HC (Japan) transmission electron microscope.

Statistics
----------

All data were analyzed using one-way analysis of variance (ANOVA) followed by the least significant difference test, with ^∗∗^*p* \< 0.01 and ^∗^*p* \< 0.05 (SPSS 18.0 for windows).

Results
=======

Algal Growth Rates and Algicidal Activity of Actinomycete JS01 on *P. globosa*
------------------------------------------------------------------------------

To gain efficient algicidal material, it is important to study algal growth rates in nutritionally adequate waters. **Figure [1](#F1){ref-type="fig"}** showed us algal growth rates of *P. globosa*. When the algae was transferred into new environment, the growth rates rose rapidly, and then dropped after 18 days. The maximum chl *a* content was about 9.03 mg/L. To determine the effective alga-lytic concentration of JS01 against *P. globosa*, different ratios of JS01 supernatant (1.5, 3.5, and 5.5%) were inoculated into algal cultures. The proportion of supernatant of 1.5% showed lower alga-lytic activity compared with the other two groups and the proportion of 3.5 and 5.5% showed a Chl *a* removal rate of 89.5% after 48 h exposure (**Figure [2](#F2){ref-type="fig"}**). The Chl *a* removal rate was more than 99% after 72 h treatment with the JS01 supernatant in the 3.5 and 5.5% concentrations.

![**The growth rates of *Phaeocystis globosa* when cultured in f/2 medium.** All error bars indicate SE of the three replicates.](fmicb-06-00474-g001){#F1}

![**Effect of different volume of JS01 supernatant on the Chl *a* removal rate of *P. globosa.*** All error bars indicate SE of the three replicates.](fmicb-06-00474-g002){#F2}

Algal Cell Membrane Permeabilization Analysis
---------------------------------------------

PI is commonly used for demonstrating membrane permeabilization. In fact it enters cells mainly via the damaged and permeabilized membranes, intercalating into DNA or RNA and producing a red fluorescence emission ([@B37]). On comparing PI-stained algal cells with normal and membrane permeabilization cells, a large difference between the fluorescence was observed (**Figure [3](#F3){ref-type="fig"}**). The cytogram of control algal cells demonstrates that most of the algal cells were normal (**Figure [3A](#F3){ref-type="fig"}**), reaching a percentage of 91.4% (P3), while algal cells in P2 were permeabilized cells. Compared with the control, intracellular fluorescence increased significantly after 4 h exposure to JS01 supernatant and the percentage of permeabilized cells in P2 increased up to 59.3%, demonstrating significant damage to the algal cell membrane (**Figure [3B](#F3){ref-type="fig"}**). **Figures [3C--F](#F3){ref-type="fig"}** shows that PI fluorescence was significant higher in the permeabilized cells than in control cells. The percentages of permeabilized cells were 30.3, 59.2, 57.0, and 49.7% after 12, 24, 36, and 48 h treatment.

![**Propidium iodide (PI) fluorescence density histogram of *P. globosa* in response to JS01 supernatant at different exposure time. (A)** Control, **(B)** 4 h, **(C)** 12 h, **(D)** 24 h, **(E)** 36 h, and **(F)** 48 h (quadrant P3: normal cells without PI fluorescence; quadrant P2: abnormal cells with PI fluorescence).](fmicb-06-00474-g003){#F3}

Effect of ROS Levels, MDA Content and Antioxidative Enzyme Activity
-------------------------------------------------------------------

Excessive ROS, generated during photosynthesis, is a strong oxidant that can potentially damage various molecules of biological importance. ROS production was assessed quantitatively by fluorescence intensity. The ROS production increased significantly (*p* \< 0.05) after 1 h treatment and the level was 2.5 times that of 0 h (**Figure [4A](#F4){ref-type="fig"}**). After that, the ROS content decreased to a normal level by 2 h. However, the ROS content increased again after 4 h treatment and burst after 8 h treatment, accumulating to levels 2.5 and 7.2 times those of 0 h. The highest ROS level was at 8 h treatment and it decreased to a low level after 12 and 24 h treatment.

![**Effects of JS01 supernatant on **(A)** ROS, **(B)** Malondialdehyde (MDA) contents of *P. globosa.*** All error bars indicate SE of the three replicates. ^∗^represents statistical significance at *p*\< 0.05 and ^∗∗^ at *p*\< 0.01.](fmicb-06-00474-g004){#F4}

Malondialdehyde is a natural biomarker produced during membrane oxidative damage process([@B35]). **Figure [4B](#F4){ref-type="fig"}** shows the content of MDA. Compared with the control, MDA contents in algal cells treated for 12 and 24 h increased slightly. As exposure time prolonged, MDA levels increased and the values were higher than the control group at the concentration of 3.5%. MDA levels were 2.75 (*p* \< 0.05) and 10.44 (*p* \< 0.01) times those of the control after treatment with JS01 supernatant for 36 and 48 h, respectively.

Cellular enzyme activities including SOD and CAT were tested to investigate the response of antioxidant system induced by the JS01 supernatant (**Figure [5](#F5){ref-type="fig"}**). **Figure [5A](#F5){ref-type="fig"}** shows that the activities of SOD increased significantly compared with the control after algal cells were treated with JS01 supernatant. The activity values after 12, 24, 36, and 48 h were 1.13, 3.48 (*p* \< 0.01), 3.69 (*p* \< 0.01), and 10.31 times (*p* \< 0.01) those of the control after exposure with 3.5% JS01 supernatant. The maximum SOD activity was at 48 h, showing that a longer exposure time could induce higher SOD activity in cells. CAT activity showed a similar trend with SOD activity, and the activity increased after 12 h treatment (**Figure [5B](#F5){ref-type="fig"}**). The maximum CAT activity was 4.88 times (*p* \< 0.05) that of the control, which was observed at 48 h. The activity values after 12, 24, and 36 h treatment were 3.16, 4.67, and 14.87 times those of the control with 3.5% JS01 supernatant.

![**Effects of JS01 supernatant on **(A)** SOD and **(B)** CAT contents of *P. globosa.*** All error bars indicate SE of the three replicates. ^∗^represents statistical significance at *p* \< 0.05 and ^∗∗^ at *p* \< 0.01.](fmicb-06-00474-g005){#F5}

Pigment Contents and Photosynthesis Efficiency Analysis
-------------------------------------------------------

The effects of JS01 supernatant on Chl *a* and carotenoid contents in *P. globosa* are shown in **Figure [6](#F6){ref-type="fig"}**. Compared with the control, Chl *a* contents were slightly lower than those of the control after 12 and 24 h exposure (**Figure [6A](#F6){ref-type="fig"}**). However, Chl *a* content decreased significantly (*p* \< 0.01) when the treatment time was prolonged to 36 and 48 h, and the content of Chl *a* in the control cells was approximately 18.6 (*p* \< 0.01) and 13.3 times (*p* \< 0.01) those of treated cells after 36 and 48 h. **Figure [6B](#F6){ref-type="fig"}** indicates that the content of carotenoids in algal cells shared similar changes with the Chl *a* contents after treatment with 3.5% JS01 supernatant. After 24, 36, and 48 h, the contents of carotenoids in control cells were about 1.34 (*p* \< 0.05), 28.66 (*p* \< 0.01), and 19.49 times (*p* \< 0.01) those of treatment cells.

![**Inhibitory effects of JS01 supernatant on **(A)** chlorophyll a and **(B)** carotenoid content in *P. globosa*.** All error bars indicate SE of the three replicates. ^∗^represents statistical significance at *p* \< 0.05 and ^∗∗^ at *p* \< 0.01.](fmicb-06-00474-g006){#F6}

To investigate the photosynthetic status of the cells under the stress of the JS01 supernatant, we studied the value of the maximum photochemical quantum yield (Fv/Fm) after treatment with the concentration of 2.5, 3.5, and 4.5% concentration of the JS01 supernatant. Within exposure in the concentration of 2.5% for 24h, the Fv/Fm ratio was slightly lower than those in control cells (**Figure [7](#F7){ref-type="fig"}**). We observed a lower Fv/Fm in the concentration of 3.5% treatment group. Moreover, the Fv/Fm values decreased significantly compared with the control in the 4.5% treatment group and this implied that the inhibition of the Fv/Fm in PS II was induced by JS01 supernatant.

![**Photosynthetic efficiency (Fv/Fm) of *P. globosa* cells treated with various concentrations of JS01 supernatant.** All error bars indicate SE of the three replicates.](fmicb-06-00474-g007){#F7}

Involvement of the *psb*A and *rbc*S Genes in Response to JS01 Supernatant Stress
---------------------------------------------------------------------------------

Repair of PS II from photodamage occurs by the *de novo* synthesis of reaction center D1 protein encoded by the *psbA* gene. To reveal whether the *psbA* respond to JS01 supernatant, expression of the *psbA* gene was analyzed using qRT-PCR in cells that were treated with 3.5% JS01 supernatant for 6, 12 and 24 h. As shown in **Figure [8](#F8){ref-type="fig"}**, the *psbA* gene was not so sensitive to JS01 supernatant in short time, but it decreased significantly (*p* \< 0.01) when compared with the control after 24 h treatment, and the relative expression of *psbA* was 0.267 times that of the control. The *rbcS* gene is one of the best-known genes that encodes the small subunits of Rubisco which is an important enzyme for photosynthesis. However, the *rbcS* gene showed obviously different trends to the *psbA* gene (**Figure [8](#F8){ref-type="fig"}**). After 6 h exposure, it decreased significantly (*p* \< 0.01) when compared with the control. Although the relative expressions of the *rbcS* gene increased as the exposure time was prolonged, it was also significantly (*p* \< 0.01) lower than the control. Furthermore, the relative expression of *psbA* was 0.091, 0.377, and 0.674 times that of the control.

![**Expression of *psbA* and *rbcS* genes in *P. globosa* exposed to JS01 supernatant.** Values were normalized to levels of 18S rRNA, a housekeeping gene, and represent the mean mRNA expression value ± SE (*n* = 3) relative to the control. ^∗∗^represents statistical significance at *p* \< 0.01.](fmicb-06-00474-g008){#F8}

Effect of JS01 Supernatant on the Subcellular Structure of *P. globosa*
-----------------------------------------------------------------------

The ultrastructure of *P. globosa* was compared between control cells and those exposed to 3.5% JS01 supernatant for 12, 24, 36, 48, and 72 h (**Figure [9](#F9){ref-type="fig"}**). Compared with the control (**Figure [9A](#F9){ref-type="fig"}**), the JS01 supernatant treated cells showed many changes including morphological properties and some structural damage (**Figures [9B--F](#F9){ref-type="fig"}**). Algal cells treated for 12 and 24 h showed nucleus pyknosis and vacuolization. The number of multivesicular bodies was significantly increased and cell membrane was also destroyed (**Figure [9C](#F9){ref-type="fig"}**). The nucleus then became pyknotic, underwent karyorrhexis (fragmentation) and karyolysis (dissolution) after 36 h treatment (**Figures [9D--F](#F9){ref-type="fig"}**). Algal cells treated for 36 and 48 h showed extreme plasmolysis and vacuolization and many organelles such as the chloroplast, mitochondria and Golgi body were disorganized (**Figures [9D,E](#F9){ref-type="fig"}**). However, when algal cells were treated for 72 h, it was strange because many high density electric structures appeared in the cells and were arranged in a regular way.

![**Ultrastructure of *P. globosa* after exposure to JS01 supernatant with the concentration of 3.5% at different time. (A)** Control cell; **(B)** 12 h; **(C)** 24 h; **(D)** 36 h; **(E)** 48 h; **(F)** 72 h; N, nucleus; Chl, chloroplast; cw, cell wall; Pyr, pyrenoid; M, mitochondrion; G, Golgi body; V, vesicle; Bars **(A--F)** 0.5 μm; **(E)** 1 μm.](fmicb-06-00474-g009){#F9}

Discussion
==========

The genus *Phaeocystis* is one of the most widespread marine phytoplankton taxa, and plays a significant role in global carbon and sulfur cycles, food web structure, and climate regulation, and it is also a harmful algal genus in coastal waters ([@B41]; [@B49]). Bacteria and phytoplankton dynamics are thought to be closely linked in coastal marine environments, with correlations frequently observed between bacterial and phytoplankton biomass ([@B14]). Several lines of evidence on HABs has revealed that marine bacteria are capable of promoting or inhibiting phytoplankton growth ([@B15]; [@B21]; [@B38]). Cell lysis is an important loss factor in *P. globosa* blooms, as well as grazing ([@B42]). However, it is indispensable to explore efficient materials to solve the blooms and study the mechanism of algal lysis process in the future.

*Phaeocystis globosa* could reach high biomass in nutritionally adequate waters after 18 days culture (**Figure [1](#F1){ref-type="fig"}**). It also indicated that it could grow rapidly in natural environment, especially in eutrophication marine waters. The testing of JS01 algicidal activity against *P. globosa* was performed using the Chl *a* removal rate. It seemed that the algicidal activity of JS01 was concentration dependent, since the supernatant concentration of the 1.5% group showed the lowest algicidal activity of the three groups (**Figure [2](#F2){ref-type="fig"}**). In addition, as the JS01 concentration increased, so the algicidal activity increased for a short time until 48 h because most of the algal cells were lysed at this time. Strain JS01 could produce red pigment when cultured in 2216E broth. A strain named MS-02-063, had been reported to produce a red pigment which belongs to prodigiosin members and showed potent algicidal activity against various red tide phytoplanktons ([@B30]). Moreover, we have sequenced the genome of strain JS01 and comparative genome analysis was also carried out now ([@B54]). After that, we speculated that the algal effect of JS01 on *P. globose* may be correlates with one red pigment.

Flow cytometry detection PI uptake is a well-established and rapid method for monitoring cell death because PI could entry into cells when membrane permeability changed ([@B10]). The FCM measurement of PI uptake (**Figure [3](#F3){ref-type="fig"}**) shows that when they were exposed to JS01 supernatant and stained with PI (**Figures [3B--F](#F3){ref-type="fig"}**), then a higher fraction of cells became PI-positive than did control cells. After 4 h exposure, 59.3% of the algal cells were PI-positive but the proportions of cells in each quadrant did not appear to have a defined trend as the treatment was prolonged. This indicated that the effect of JS01 on cells was not a physical disruption of cell structure to form debris, but a mechanism that causes the permeabilization of the cellular membrane, as demonstrated by the leakage of PI inside the permeabilized cells.

Environmental stresses can increase the generation of ROS, which can lead to severe cellular injury or death. Algal cell can produce high rates of ROS during electron flow process in chloroplast which can cause severely oxidative damage to algal cells ([@B34]). The indirect damage by ROS includes membrane oxidative, inhibition of photosynthesis, and oxidation of photosynthetic pigments such as chlorophylls and phycobilins ([@B17]). Our study demonstrated that JS01 supernatant induced a strong ROS formation in *P. globosa* (**Figure [4A](#F4){ref-type="fig"}**). It indicated that electron flow in chloroplast was severely inhibited, which induced a high production of ROS. Prolonged or acute stress under ROS may lead to irreversible damage to proteins, lipids, and nucleic acids ([@B31]). MDA content can reflect cellular membrane oxidative damage status. As shown in **Figure [4B](#F4){ref-type="fig"}**, MDA contents increased after 24 h treatment and it increased significantly after 36 h (*p* \< 0.05) and 48 h (*p* \< 0.01) exposure. This test demonstrated that increasing ROS caused oxidative damage to the cellular membrane. Antioxidant enzymatic activities including SOD and CAT play important roles in scavenging ROS to protect algal cells. Our studies also proved that antioxidant enzymes in algal cells were triggered to eliminate excessive ROS when treated by JS01 supernatant (**Figure [5](#F5){ref-type="fig"}**). These results may indicate that ROS increased in algal cells under JS01 supernatant stress and antioxidant enzymes were activated to eliminate them.

Chl *a* is one of the primary light-harvesting pigment that play an important function in algal photosynthesis. In this study, a reduction in Chl *a* content was observed after exposure to JS01 supernatant from 12 to 48 h, and as time was prolonged the reduction was more obvious (**Figure [6A](#F6){ref-type="fig"}**). This indicated that the ability of cells to synthesize chlorophyll was decreased ([@B6]; [@B36]), and the lower chlorophyll content suggested a decrease in the antenna size of the photosynthetic reaction center complexes. Carotenoids are fundamental components of the photosynthetic tissues in plants, algae, and cyanobacteria, where they quench the excited triplet state of chlorophyll, preventing the formation of high levels of ROS to protect photosynthetic apparatus from photo-oxidative damage ([@B4]; [@B47]; [@B39]). In our work, carotenoid content decreased as treatment time increased, especially after 36 and 48 h. This indicated that carotenoid synthesis was destroyed and the ability of algal cells to resist oxidative damage was also reduced. The PS II has been known to be very sensitive to changes in environment, and the extent of photoinactivation is a result of the balance between the photodamage to PS II and the repair of photodamaged PS II ([@B1]; [@B45]). Photodamaged PS II is repaired by the replacement of damaged D1 protein by newly synthesized D1 ([@B29]), The decreased expression of *psb*A may destroy the balance between the damage to PS II and the repair of PS II and thus cause photosynthesis inhibition. RuBisCO is a key carbon fixation enzyme in plants and algae which is encoded by the *rbc*L and *rbc*S genes ([@B19]). Early observations suggest that suppression of the fixation of CO~2~ may enhance the extent of photoinhibition of PS II ([@B28]; [@B29]) and expression of *rbc*L has a direct relationship with CO~2~ fixation. In our study, the *rbc*L gene decreased significantly (*p* \< 0.01) during exposure time, especially after 6 h exposure. This implied that carbon fixation was also influenced and might induce damage to PS II. Fv/Fm is another indicator of the ability of photosynthesis process (**Figure [7](#F7){ref-type="fig"}**). Its value decreased as the concentration of the JS01 supernatant increased and with extension of the exposure time. These results indicated that PS II system did not have a normal photochemical reaction under external stress.

The intracellular ultrastructure of *P. globosa* has received little attention, and most studies are of colony morphology ([@B16]; [@B32]; [@B33]). However, we observed obvious ultrastructure changes induced by the JS01 supernatant compared to normal cells (**Figure [9](#F9){ref-type="fig"}**). Algae cells experienced vacuolization under the stress of JS01 supernatant after 12 h exposure, and a pyrenoid also existed in chloroplast compared with control cell (**Figure [9A](#F9){ref-type="fig"}**). However, there were many multivesicular bodies in cells, and pyrenoids decomposed to provide more energy to resist external stress after 24 h exposure. The nucleus was even smaller than those in the control and 12 h treatment cells. Many organelles were disorganized and lost their function after 36 and 48 h exposure. Our interest was greatly promoted when algal cells were treated for 72 h because the electron dense deposits revealed in electron microscopy, at high magnification, were arranged regularly in an area. We supposed that it was a vesicle because *P. globosa* can form vesicles when it is under environmental stress and the outside wall is reinforced by algally secreted polysaccharide ([@B46]; [@B41]).

Conclusion
==========

The results from our present study suggested that JS01 supernatant altered membrane permeability, enzymic antioxidant systems, pigment contents, and the photosynthesis process especially in terms of PS II and the subcellular structure in *P. globosa*. Our studies demonstrated that JS01 supernatant can change membrane permeability within a short time and then affect the photosynthesis process including gene expression, which might block the PS II electron transport chain and produce excessive ROS. The increased ROS can further change membrane permeability and destroy pigments, thus ultimately inducing algal cell death. And it also indicated that the algicidal actinomycete JS01 could function as an HAB controller material.
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